2. THE CONCEPTS OF SYSTEM LOSS, TRANSMISSION LOSS, PATH ANTENNA GAIN,
AND PATH ANTENNA POWER GAIN

Definitions have been given in CCIR Recommendation 341 for sttem loss, Ls , trans-
tmission loss, 1., propagation loss, .'Lp. basic transmission loss, Lb’ pa_th antenna gain,
Gp, and path antenna power gain Gpp' This section restates some of the definitions, in-
troduces a definition of "path losa', Lo. illustrates the use of these terms and concepts,
and degcribes methods of meagurement [ Norton, 1953, 1959, Wait 1959]. The notation used
here differs slightly from that used in Recommendation 341 and in Report 112 [ CCIR 19632, b].
For the frequéncy range considered in this report system loss, transmission loss, and propa-
gation loss can be considered equal with negligible error in almost all cases, because antenna

gains and antenna circuit resistances are eagentially those encountered in free space.
2.1 Systern L.oss and Transmission Loss

The system loss of a radio circuit consisting of a transmitting antenna, receiving an-
tenna, and the intervening propagation medium is defined as the dimensionless ratio, W't/w;.'
where w;: is the radio frequency power input to the terminals of the transmitting antenna and
w; is the resultant radio frequency signal power available at the terminals of the receiving

antenna, The system loss is usually expreased in decibels:
= ] 1) = W o ]
L, =10 log (w}/w!) = W} - W! db (2.1

Throughout this report logarithrs are to the base 10 unless otherwise stated.

The inclusion of ground and dielectric losses and antenna circuit losses in L’ pro-
vides a quantity which can be directly and accuratély measured. In propagation studies,
however, it 1s convenient to deal with related quantities such as transmission loss and basic
transmission loss which can be derived only from theoretical estimates of radiated power and
available power for various hypothetical situations,

In this report, capital letters are often uged to denote the ratios, expressed in db,

.dbu, or dbw, of the corresponding quantities designated witﬁ lower-case type, For instance,
in (2.1), W;; = 10 log w; in dbw corresponds to w; in watts, .

Transmission loss {s defined as the dimensionless ratio Wt/wa’ where w, is the
total power radiated from the transmitting antenna in a given band of radio frequencies, and
w, is the resultant radio frequency signal power which would be available from an equivalent

logs-free antenna. The transmission logs is usually expresgsed in decibels:
= = - .= - -] 2.2
L = 10 log (wt/wa) wo-w =L -L, -L db _ (2.2)

er

=10 1 , =101 )
Let 10 ogl“ Ler t:»glw (2.3)
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where lllet and l”er as defined in annex II are power radiation and reception
 efficiencies for the transmitting ana receiving antennas, respectively. With the frequencies’

and antenna heights usually considered for tropospheric communication circuits,. these
efficiencies are nearly unity and the difference between Ls and L is negligible, With an-

tennas a fraction of a wavelength above ground, as theéy usually are at lower frequencies, and
especially when horizontal polarization is used, Let apd L“ ‘are not negligible, but are
influenced substantially by the presence of the ground and other nearby portions of the an-
tenna environment,

From trangmitter output to receiver input, the following symbols are used:

Transmitter Power Total Available Power Available Power Available Power
Output Input to  Radiated at Lozs~Free at Actual : at
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It should be noted that th and L!r ére conceptually different. Since W!t and

W‘t représent the power observed at the transmitter and at the transmitting antenna, respec-

tively, L“ includes both transmission line and mismatch losges, Since W'a and WI
. . . T
represent available power at.the receiving antenna and at the receiver, mismatch losses must

be accounted for separately,since L!r includes only the transmissgion line logs between the

antenna and the receiver. Available power and effective loss factors are discussed in annex II, °



2.2 Antenna Directive Gain and Power Gain

© A transmitting antenna has a directive gain gt(?) in the direction of a unit vector f if:
(1) it radiates a total of w, watts through the surface of any large sphere
with the antenna at its center, and ' '
(2) it radiates g,w, /(4w) watts per steradian in the direction 3.
The same antenna has a power gain g;(?) in the direction T if:
(1) the power input to the antenna terminals is w; =4 w , and
- (2). it radiates gé'él(ir) watts per steradian in the direction ¥,

“The antenna power gain g: is amaller than the directive gain g " simply as a result
of the loss factor ‘et . It follows that

c;t(t) e G;(s) L, (2.4a)

expressed in decibels above the gain of an isotropic radiator, Note that the antenna power
gain G;(P) is less than the antenna directive gain Gt(P) by the amount Let dB, where the
power radiation efficiency ll‘et is independent of the direction F.

The gain of an antenna ie the same whether it is used iqr transmitting or receiving.

For a receiving antenna, the directive giin Gr(F) and power gain G;'r(i') are related by

Gf) =G () +L_ . (2. 4b)

The remainder of this report will deal with directive gains, since the power gains
may be determined simply by subtracting Lot or L“ . The maximum value of a directive

gain G(f) is designated simply as G, . As noted in Annex II, it is sometimes useful to divide

‘the directive gain into principal and crou-polarilaﬁon components.
‘An idealired antenna in free space with a half-power semi-beamwidth & expressed

in radians, and with a circular beam cross-section, may be assumed to radiafe x percent
of its power ilétropically through an area equal to w&z on the surface of a large sphere of
unit radius, and to radiate (100-x) percent of its power isotropically through the remainder
of the sphere, In this case the power radiated in the direction of the main beam is equal to
xw I (100w 51) watts per steradian and the maximum gain g is, by definition, equal to
41”:/ (100w 61) One may assume & beam solid angle efficiency x = 56 percent for parabolic
reflectors with 10 db tapered illumination, and obtain g = 2, 24/6 . The maximum free
space gain G indecibels relative to an tsotropic radiator is then '

G=10logg=3.50-201log§ db. (2.5
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If azimuthal and vertical beamwidths )_wa and 4'!5z are different:

e=J'E:az.- ‘ (2.6)

The above analysis is useful in connection with measured antenna radiation patterna.

) For antennas such as horﬂ or parabolic reflectors which have a cleariy definable
physié.al aperture, the concept of antenna aperture efficiency is useful. For example, the
free space maximum gain of a parabolic dish with a 56 percent aperture efficiency and a di-
ameter D is the ratio of 56 percent of its area to the effective absorbing area of an iso-

tropic radiator:

. S | o
Ge 10 1og[°‘5§_"'? "]=zo log D+ 20 Yog £ - 42.10 db  42.7)
A J4n .

where D and ) are in meters and { ig the radio frequency in megahertz, MHz,
Equations (2.5 and (2.7) are useful for determining the gains of actual antennas only when
their beam solid angle efficiencies or apérture efficiencies are known, and these can be de-
termined accurately only by measurerﬁent. ' '

With a dipole feed, for instance, and 10 <D/A < 25. éxperiments have shown the fol-

lowing empirical formula to be superior to (2. 7):

G=23.31log D+23.31leg f-551 db S (2.8)

where D is expressed in meters and { in MHz,

\ Cozzeéns [ 1962] bas published a nomograph for determining paraboloidal maxirmnum
"gain as a function of feed pattern apd angular Aperture. Discussiens of a variety of comrmonly-
used antennas are given in recent books [Jasik, 1961; Thourel, 1960].

Much more is known about the amplitude, phase, and polarization response of avail-
able antéma in the directions of maximum radiation or reception than in other directions.
Most of the theoretical and developmental work has concentrated on minimizing the trans-
migsion loss between antennas and on studies of the response of an arbitrary antenna .to a
standard plane wave, ’An'increasing amount of attentioﬁ, however, is being devoted to maxi-
mizing the transmission loss between antennas in order to reject unwanted signals, For
this purpose it is. important to be able to specify, sometimes in s_tatiétical terms, the
directivity, phase, and polarization response of an a_.nfenna in every direction from which
multipath components of each \m.wanted signal may be expected. A large part of annex If is
devoted to this subject, '

For the frequencies of interest in this report, antenna radiation resistances r, at
any radio frequency v hertz are usually assumed independent of their environment, or
else the immediate environment is considered part of the antenna, as in the case of an
antenna mounted on an airplane or space vehicle.
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2.3 Polarization Coupling lL.oss and Multipath Coupling Loss

It is sometimes necessary to minimize the response of a receiving antenna to un-
wanted signale from a single source by way of different paths. This requires attention
to the arnplitudes, polarizations, and relative phases of a number of waves arriving
from different directions. In any theoretical model, the phages of principal and cross-~
polarization components of each wave., as well as the relative phase response of the re-
ceiving antenna to each componeﬁt, must be conlﬁered. Complex vbltages are added
at the antenna terminals to make proper allowance for this amplitude and phase infor-
mation.

In annex II it is shown how complex vectors E and :e—-r may be used to represgent
transmitting and receiving antenna radiation and reception patterns which will contain
amplitude, polarization, and phase information [ Kales, 1951] for a given free-space
wavelength, A, A bar is used under the symbol for a coinplex vector E=_e'p + i?c,
where i= AT and :p' 'e_c are real vectors which may be associated with principal and
cross-polarized components of a uniform elliptically polarized plane wave,

Calculating the power transfer between two antennas in free space, complex polari-
zation vectors. p(f) and Er(—f) are determined for each antenna as if it were the trans-
mitter and the other were the receiver., Each antenna must be in the far field or radiation
field of the other, The sense of polarization of the field E is right-handed or left-h anded

depending on whether the axial ratio of the polarization ellipse, L is positive or negative:

a = ec/ep. : (2.9)

The polarization is circular if |ep|' = |e | andlinear if e =0, where e = ?pép is in
the principal polarization direction defined by the unit vector GP . ‘The polarization coupling

loss in free space is
L _=-101cg |p- B2 db. (2. 10)
cp N 2R .

In terms of the axial ratios a and. ‘x.r defined by (II. 48) and (IL. 50) and the acute angle
_ lIJP between principal polarization vectors ?p and :pr , thé corresponding polarizgation
efficiency may be written as

2 . 2 L2 2

+
L2 cos% ¢p(axaxr+l) + sin lbp (ax a )
LE",B:I =

Xr

N * (2.1
(a + la, +1) \

This is t' - same as ‘II. 62), Aonex II explains how these definitions and relationships are
extended to the general case where antennas are not in free space.

There is a maxirmum transfer of power between two antennas if the polarigation el-
lipse of the receiving antenna has the Inme.lenle. eccentricity, and principal polariza-
tion direction as the polarigation ellipse of the incident radio wave. The receiving an-

tenna is completely "blind" to the im_:.ide'nt wave if the sense of polarization is opposite,
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the eccentricity is the same, and the principal polarigzation direction is orthogonal to that of
the lncldqnf wave. In theory this situation woul& result in the complete rejection of an un-
wnhted signal propagating in a direction -f. Smnall values of g, (~f) could at the same time
discriminate against unwanted signals coming from other dluctionl _

When more than one plane wave is incident upon a recelving antenna from a llngle _
source, there may be a "multipath coupling loss" which i_nclude_l beam orientation, polnrlln-
tion coupllng, and phase mismatch losses. A statistical average of phase incoherence ef- -
fects, such as that described in subsection 9:4, is called iantenna-to~medivm coupling loss, "
Multipath coupling loss is the same as the ;'lou in path antenna gain, v Lg.p.'. defined in the
next subsection. Precise .expreuimu fo? I"'gp mgy also be derived from the relationships ‘

in annex II.
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2.4 Path Loss, Basic Transmission Loss, Path Antenna Gain, and Attenuation Relative to
Free Space
Recorded values of trangmission loss are often normalized to ""path loss" by adding the

surn of the maximum free gpace gains of the antennas, Cit + Gr , to the transmission loss, L.

Path loss iz defined as

L =2=L+G +G_ db, (2.12)
o t_ 4

Basic transmission loss, Lb' is the system loss for a situation where the actual an-

tennas are replaced at the same locations by hypothetical antennag which are;
(1) Isotropic, so that G(f) =0 db and G (-f) = 0 db for all important propaga-
tion directions, r. )
(2) Loss-free, sothat L_ = 0db and L_ =0 db.
(3) Free of polarization and multipath coupling loas, so that ch = 0 db,
If the maximum antenna gains are realized, I"o = Lb'

Corresponding to this lamg situation, 'the path antenna gain, Gp. is defined as the .
change in the transmission logs if hypothetical logs-free isotropic antennas with no multi-
path coupling loss were used at the same locations as the actual antennas. Assumptions used
in egtimating GP should always be carefully stated. :

Replace both antennas by loss-free isotropic antennas at the same locations, with no
coupling loss between them and haviﬁg the same radiation resistances as the actual antennas,
and let wab represent the resulting available power at the terminals of the hypothetical iso~

tropic receélving antenna. Then the basic transmission loss Lb’ the path antenna gain Gp,

and the path antenna power gain Gpp , are given by

Lb*wt-wab=L+Gp db (2.13)
GP = Wa - Wab = Lb -L db (2. 14a)
= '. - = -
GPP W. W.ab Lb . L' db (2. 14h)

where Wt. Wa, W; and I.. are defined in section 2.1,

In free spﬁce. for instance:

’ ~ e . A \
W =W +G(H+G (- - ch + 20 log (4“-} dbw (2. 15a)
A

W, =W, +20 log <4"> dbw. (2. 15b)

A special symbol, Lb!' is used to denote the corresponding basic transmisgsion loss in free
space:

A 4w - I .
Lo¢= 20 log (—=)=32.45+ 20 log f+ 20 log r db (2.16)



where the antenna ieparatlon r is expressed in kilometers and the free space wavelength N
equals 0,2997925/f kilometers for a radio frequency f in megaherts.

When low gain antennas are used, as on aircxait,' the frequency depeéndence in (2, 16)
indicates that the gervice range for UHF equipment can be made equal to that in the VHF
band only by ueing additional power in diréct proportion to the square of the frequency. Fixed
point-to-point communications links usually employ high-gain antennas at each terminal, and
for a given antenna size more gain is realized at UHF that at VHF, thus more than com-

- pensating for the additional free spice loss at UHF indicated in (2. 16).
Comparing (2. 13), (2. 14), and (2.156), it is seen that the path antenna gain in free

space, pr. is

Gpg™ O + Gyl-) - L db, (2.17)

For most wanted propagation paths, this is well approximated by Gt + Gr , the sum of the
maximum antenns gains., For unwanted propagation paths itis often desirable to minimige
pr. Thi®s can be achieved not only by rfxl_king Gt(’i-‘) and Gr(-i") amall, but also by using

different polarizations for receiving and transmitting antennas so as to maximize ch.

In free space the transmission loss is

L=1,,-G, db. (2.18)

The concepts of basic trangmission loss and path antenna gain are also useful for normaliging
the results of propagation studies for paths which are _x}Pl: in free gpace, Defining an Yequiva-

lent free-space transmission loss', L, as
L =L -G, (2.19)

note that Gp in (2.19) is not equal to Gt + Gr unless this is true for the actual propagation
path. Itis often convenient to investigate the "attenuation relative to iree space', A, or
the bagic transmission loss relative to that in free space, defined here as

A=L -L . =L-L, db (2. 20)

This definition, with (2. 19), makes A independent of the path antenna gain, GP . Where
terrain has little effect on line-of-sight propagation, it is sometimes desirable to study A
rather than the transmission loss, L.

Althougn Gp varies with time, ‘it is customary to gsupprees this variation { Hartman,
1963] and to estimate Gp as the difference between long-term median values of L‘b and
L.

Maultipath coupling loss, or the '"loss in path antenna gai.n'.', I."gp' is defined as the

difference betweeén path loss Lo and basic transmission loss Lb:



L= Ly-1,=G, 4G, -G, db . (2.21)

The loas in path antenna gain will therefore, in general, include components of beam orienta-
tic;n loss and polarization coupling loss as well as any aperture-to~medium coupling loss fhat
may result from lcl;‘.tering by the tréposphere, by rough or irregular terrain, or by terrain
clutter such as vegetation, bulldinge, bridges, or power lines,

The relationships between transmission loss, propagation logs and field strength are dis-

cussed in annex II,





